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Wave Propagation Model
and Simulations for Landmine Detection
(technical report)

Ammar Y. Rathore and Thomas P. Weldon

Department of Electrical Engineering
University of North Carolina-Charlotte
Charlotte, NC 28223

1. Introduction

Recently there has been interest in developing new equipment and models for the detection and
removal of landmines from field using Ground Penetrating Radar. In this project landmines with and
without air gap are modeled using conventional electrical simulation tools. Our approach is to use the time
and frequency domain behaviors to support the development of equations for newly developed inverse
mathematical solutions. The equations for the voltage in the transmission line models of this paper are
identical to Maxwell's equations in one dimension for the Ground Penetrating Radar problem. Therefore,
the results of this paper for solutions to the transmission line voltage are equivalent to the predicted E field
for this problem. The transmission lines model plane waves propagation in the media of interest, also these
lines are used since we already have a software to work for these lines. So, it is a matter of convenience.

An electromagnetic (EM) wave propagated from a GPR sees different media of different electrical
properties. In Fig. 1, the transmitted electromagnetic wave propagates through different intervening layers
of air, soil, and landmine materials. An air gap is taken into account before TNT because mines often
contain 10-30% air. The uniform plane wave in Fig. 1 is governed by equations identical to transmission
line equations. Thus, a transmission line model can be described that models the scenario in Fig. 1.

EM Wave Il[ Air Soil Air TNT Soil

Figure 1. Multi layer Transmission model seen by transmitted EM wave.

When a travelling EM wave propagates through one medium and enters another with different
electrical parameters, it experiences reflection. At all interfaces between different materials, part of the
wave reflects back and the remainder moves forward. Each reflected component will be subjected
additional reflections at material interfaces as it travels back toward the source (radar).

In the case of a pulsed EM source, the reflections will consist of time delayed pulses with
strengths proportional to the strengths of the reflections. The pulse of interest is the one that reflects back
from the landmine. Its final magnitude will be the product of initial pulse magnitude with the transmission
and reflection coefficients of each intervening material. Also, the pulses are attenuated depending on the
attenuation constant and length of each material. In section 2, we describe the relationship between the
Electromagnetic wave models and transmission line models. In section 3 we provide results of the
transmission line simulations.

2. Modeling Equations
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First, let us consider the equations that define wave motion in lossy dielectrics. If a wave
propagates in the +z direction, the x component of E field is given by [1]:

E_=E e % oy

xs X

Where o and B are attenuation and phase constants respectively. These constants when combined give us
propagation constant (y) which is a complex quantity:

Y=o+ jp @

In a lossy dielectric having permitivity €, conductivity ¢ and permeability |, propagation constant is given
by:

y =+, jou(o + joe) ©)

Where | is magnetic permeability in Henry/m, G is conductivity of the material in Siemens/meter, ® is
frequency in radians/m, and € in Farads/m.

The complex intrinsic impedance 1 of the medium (lossy dielectric) is given by:

— EXS —_— ja)lll'
m= H O+ jwe @

x5

For a dielectric material, the loss tangent § is defined as:
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Figure 2. Equivalent circuit for section of a transmission line.
An equivalent circuit for section of a transmission line is shown in figure 2. For each equation listed above
there is a similar transmission line equation. For example, voltage wave equation for the transmission line
is given by:

V - ‘loe”-'z (6)

The propagation constant for the transmission line is

¥ =bBst GG + JoC)




Where R is resistance per unit length in Ohm/m, L is inductance per unit length in Henx§/m, G is
conductance per unit length in Siemens/m, and C is capacitance per unit length in Farads/m.

Finally, the characteristic impedance of a transmission line is defined as:

V. [R+joL
Zo= =G iae ®
I G+ joC
On comparing equations 1 and 6 for both the cases, we find that they are identical. So the terms E
and V can be used interchangeably (as can the terms H and I). By comparing equation pairs 1, 6; 3, 7; and

4, 8; it is clear that if in a transmission line welet V=E,I=H,R=0,L=U,G=cand C=¢,and N =7,,
then the transmission line model is identical to the uniform plane wave propagation model.

The values of electrical properties [2] used for simultaions are given in Table 1, using the constants
po=4nx107 H/m, w,=1, R=0, g =8.85x10"2 F/m, f= 1 GHz.

Table 1: Electrical Properties & calculated parameters

& o B tand | 1Zol=m| £z, G=o L=p | C=¢gg
nepers/m | radian/m ohms | Degrees | Siemens | micro Pico

henry | Farads
Air 1 0 20.98 0 376.6 0 0 1.26 8.85
Dry Soil 2.5 417 33.17 025 | 238.6 72 .0035 1.26 22.12
SOl are 10 16.23 68.27 0.5 112.82 | 13.38 28 1.26 88.4
TNT 2.86 .0319 35.48 .0018 | 223.14 .052 .286m 1.26 25.3

For one meter propagation distance, the amplitude of the transmitted pulse in dry soil falls
e = 0,659 or 20log(.659) = 3.62 dB below its value at z = 0. For wet soil, the amplitude falls
¢1639 = 8 94 x 10°® or nearly 141 dB below its value at z = 0.

3. Simulation Results

We did simulations using transmission line models in the Pspice 8.0 software package. A Ins
sinusoidal current pulse was applied at the input with a shunt resistance. Shunt resistance is used in some
simulations to eliminate reflections of waves that propagate back to the source. For example, if a wave is
reflected back from the termination and travels to the source end, it would be reflected again if source does
not offer proper termination. Therefore a current pulse with a shunt resistor are used at the source end of
transmission line model.

In the first experiment, the transmission-line model of air is simulated to verify that the impedance
is the expected value Zy =1 = 377 for air. The circuit used for simulation is shown in figure 3(a), where air
transmission line has a length of 3 m and is properly terminated with a matched resistance of 377.3 Q. The
analogous physical situation is depicted in Fig. 3(b), where the reflector indicates that the source impedance
is mismatched and the absorber indicates that the opposite end of the line is properly terminated (no
reflections). As the EM wave propagates through the transmission line (modeling air) and reaches the
termination resistor R, it is not reflected since the load end is matched with the 377 ohm transmission line.
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The results of the simulation of the voltage at the antenna for an incident pulse are shown in Fig.
3(c). The antenna voltage (EM source in Fig. 1) is equivalent to the voltage at the junction of R5 and the
transmission line in Fig. 3(a). The incident pulse is a 1 nanosecond wide 1 GHz sinusoidal pulse at time 1
ns. In Fig. 3(c), only the incident pulse is visible at time t = 1ns with no reflected pulses observed,
confirming that the line impedance is 377 ohms. Finally, Fig. 3(d) shows the voltage at the antenna as the
input frequency is swept from 1 GHz to 2 GHz. The frequency response varies from 375.88 to 375.93
Volts for a one ampere input, indicating that line impedance varies little from the desired 377 ohm
impedance.

Figure 4(a) models the scenario of Fig. 4(b) consisting of 3 meters of air improperly terminated at
both ends. This experiment is primarily used to confirm the velocity along the transmission line modeling
air. As seen in Fig. 4(c), the reflection at approximately 20 ns after the incident pulse corresponds to the
predicted round-trip time of the pulse through a 6 meter round-trip distance. The volicity closely
approximates the speed of light of 0.3 meters per nanosecond. Fig. 4(d) shows the extreme impedance
variations with respect to frequency, corresponding to perfect constructive or destructive interference.

In the experiment of Fig. 5, the transmission line of dry soil is used to investigate the impedance
Zy = M} and propagation velocity in dry soil. The circuit used for simulation is shown in Fig. 5(a), where
transmission line has a length of 3 m and is terminated with a resistance of 100000 Q. This models the
situation in Fig. 5(b) where the EM wave propagates through a highly reflective interface (mismatched),
through dry soil, and reaches another highly reflective interface. Simulation for a pulsed sinusoid are given
in Fig. 5(c). The incident pulse reaches a peak voltage of 238.91 volts indicating an impedance Z0 = =
238.91 ohms for dry soil. This corresponds to the predicted impedance of 238.6 in table 1, verifying our
transmission line model. The amplitude of next pulse (36.49 V) corresponds to predicted attenuation of
3.62 dB/m. The time delay of 31 ns corresponds to a velocity of 0.19 meters per nanosecond or 0.65 c.
This speed corresponds well with the speed predicted from the dielectric constant of table 1 for dry soil,
0.63 c. Finally, the frequency response in Fig. 5(d) shows that impedance varies from 202 ohms to 280
ohms as a function of the frequency of the source.

The experiment of Fig. 6 is used to investigate the impedance Z, =M in wet soil. The circuit used
for simulation is shown in'Fig. 6(a), where transmission line has a length of 0.1 m and is terminated with a
resistance of 100000 Q. A shorter line length was necessary due to the high attenuation of wet soil. As EM
wave propagates through the transmission line and reaches the termination resistor R, it is reflected. In Fig.
6(c), the incident pulse is shown at 1ns with a peak amplitude of 118.3V. Again this corresponds to the
predicted impedance of Z0 = 1 = 112.8 ohms in table 1. In middle plot reflected pulse is seen at 3ns.
Finally, Fig 6(d) shows impedance variations with respect to frequency.

Next, a series of experiments are done on a combination of transmission lines modeling several
possible scenarios derived from the scenario in Fig. 1. For these experiments, the source impedance (RS) is
set equal to air impedance (377 ohm) to model a properly matched source antenna. The terminating
impedance is taken to be a long length of wet or dry soil (effectively acting as an absorber due to
attenuation).

The first experiment is shown in Fig. 7, where the reflection from an air gap in dry soil is
investigated (in essence, a mine without TNT). The time-domain results are shown in Fig. 7(c), and
frequency response in Fig. 7(d). As expected, the EM wave experiences large reflections at the air gap. The
first reflection of 43.13V at 21ns represents the first air soil interface. The second reflection of 12.5V at
23.6ns is the mine air gap (second air gap) reflection. Since the 1cm gap is narrow, two reflections are not
observed. This leads to a somewhat unusual shape for this second reflection. The lower portion of Fig. 7(c)
shows the same response on a greatly expanded scale to make smaller secondary reflections visible.

In the experiment of Fig. 8, the reflection from an air gap in wet soil is investigated. Due to the
large attenuation in wet soil, the depth of the wet soil before the air gap is only 10 cm. The time-domain
results are shown in Fig. 8(c), and frequency response in Fig. 8(d). The first reflection of 113.4V at 21ns
represents the first air soil interface, the second reflection of -295.4mV at 23.6ns is the mine air gap
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reflection. The wet soil pulse (2™ pulse) is nearly obsecured by the first pulse. The results are difficult to
interpret, since this may be may be due in part to simulation parameters in the software package set-up.

The experiment of Fig. 9 is used to investigate the reflection from TNT in dry soil (in essence, a
mine without any air gap). The time-domain results are shown in Fig. 9(c), and frequency response in Fig.
9(d). The incident pulse is seen in Fig 9(c) at 1 ns with a peak amplitude of 188V. The reflection of 43.35V
at 21ns represents the first air soil interface, then reflection at 23.6ns is from the TNT. As compared to
pulse width, the 10cm length of TNT is narrow. Therefore, we again see an unusual reflected pulse shape.

The experiment of Fig. 10 simulates a landmine buried in dry soil with an air gap. The time-
domain results are shown in Fig. 10(c), and frequency response in Fig. 10(d). In Fig. 10(c), the incident
pulse is seen at 1 ns with a peak amplitude of 188.15V. The reflection of 43.13V at 21ns represents the first
air soil interface, then reflection at 23.6ns is from the second air/soil interface and TNT comprising the
mine. The large envelope variations in Fig. 10(d) are induced by the presence of the mine.

’(_1_\\/_10_7\:::{33::1. R .
., b - A
& T @ \Qé\:,.e_

LEN ’Sm ‘ l

Figure 3(a). Transmission line mode] of air with improper source termination and matched load
termination. Used to verify transmission line model parameters.

EM Wave II[ Air

Reflector Absorber

Figure 3(b). Analogy of circuit in Fig. 3(a).
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Figure 3(c). Voltage at the antenna (R5 in Fig. 3(a)), for circuit of Fig. 3(a). No reflections are observed
since the line is properly terminated with a 377 ohm load.
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Figure 3(d). Voltage at the antenna (RS in Fig. 3(a)), frequency sweep plot from 1 GHz to 2 GHz.

Page 6 of 18



Figure 4(a). Transmission line model of air, terminated with 100KQ. Used to measure velocity of pulse in
transmission line.

EM Wave IH Air

Reflector Reflector

Figure 4(b): Analogy of circuit in Fig. 4(a).
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Figure 4(c). Voltage at the antenna (RS in Fig. 4(a)), for 100K termination.
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Figure 4(d). Voltage at the antenna (R5 in Fig. 4(a)), Frequency Sweep plot from 1GHz to 2GHz
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Figure 5(a). Transmission line model of dry soil. Used to check dry soil impedance and velocity

EM Wave M drysoil

Reflector Reflector

Figure 5(b). Analogy of circuit in Fig. 5(a).
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Figure 5(c). Voltage at the antenna (R5 in Fig. 5(a)), for Dry-Soil Model.
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Figure 5(d). Voltage at the antenna for dry soil (RS in Fig. 5(a)), Frequency Sweep plot from 1GHz to
2GHz
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Figure 6(a). Transmission line model of wet soil. Used to check wet soil impedance

EM Wave IH: Wetsoil

Reflector Reflector

Figure 6(b): Analogy of circuit in Fig. 6(a).
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Figure 6(c). Voltage at the antenna for Wet-Soil Model with transmission line length = 0.1m.
Top: Incident pulse occurs at 1ns; Middle: 0.2m round trip reflection pulse occurs at 3ns Bottom: 2™
reflection at 5ns.
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Figure 6(d). Voltage at the antenna (RS in Fig. 6(a)) for Wet-Soil Model, Frequency Sweep plot from
1GHz to 2GHz
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Figure 7(b). Analogy of circuit in Fig. 7(a).
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Figure 7(c). Voltage at the antenna (RS in Fig. 7(a)) for Air-drysoil-air-drysoil model. With lengths: air =

3m, drysoil = 0.25m, airgap = 1cm and drysoil = 100m. Top: Normal view. First reflection occurs at 21ns.

Bottom: Magnified view.
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Figure 7(d). Voltage at the antenna (R5 in Fig. 7(a)) for Air-drysoil-air-drysoil model. With lengths: air =
3m, drysoil = 0.25m, airgap = lcm and drysoil = 100m. Frequency Sweep plot from 1GHz to 2GHz
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Firure 8(a). Air-wetsoil-air-wetsoil model. With lengths as air = 3m, wetsoil = 0.1m, airgap = 1cm and
wetsoil = 10m.

EM Wave II[ Air wetsoil Air wetsoil

Non-reflective source Effective absorber ~ Absorber

Figure 8(b): Analogy of circuit in Fig. 8(a).
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Figure 8(c). Voltage at the antenna (RS in Fig. 8(a)) for Air-wetsoil-air-wetsoil model, With lengths as air =
3m, wetsoil = 0.1m, airgap = 1cm and wetsoil = 10m. Top: Normal view. First reflection occurs at 21ns.
Bottom: Magnified view.
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Figure 8(d). Voltage at the antenna (RS in Fig. 8(a)) for Air-wetsoil-air-wetsoil model, With lengths as air
= 3m, wetsoil = 0.1m, airgap = lcm and wetsoil = 10m. Frequency Sweep plot from 1GHz to 2GHz

drysoil = 100m.

EM Wave [H- Air drysoil TNT drysoil

Non-reflective source Effective absorber  Absorber

Figure 9(b): Analogy of circuit in Fig. 9(a).

Page 14 of 18



2000 T--===nommmmnae - - )
88V i
" 1
4335V
’ ' : : 43V
N - 3 s
3 \—
: : : - 415V -
-29 - - - -— -
o U{air:a+)
3.Bm04r Q=== emmeemmmmmmemem e —m e e m e em—adeeeecseeaea——— -
!
: ' ) ' ' ' ' ’ 323.4u ’
nUJ . P . . B . . "\
. . . . . . . . -283.85u
SEL>>
-3.6mU +-4 ] T r r G T-- 1 r T
s 5ns 10ns 15ns 26ns 25ns 38ns 35ns 48ns 45ns Sons
o U{air:a+)
Time

Figure 9(c). Voltage at the antenna (R5 in Fig. 9(a)) for Air-drysoil-TNT-drysoil model, with lengths as air
= 3m, drysoil = 0.25m, TNT = 10cm and drysoil = 100m. Top: Normal view. First reflection occurs at
21ns. Bottom: Magnified view.
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Figure 9(d). Voltage at the antenna (RS in Fig. 9(a)) for Air-drysoil-TNT-drysoil model, with lengths as air
= 3m, drysoil = 0.25m, TNT = 10cm and drysoil = 100m. Frequency Sweep plot from 1GHz to 2GHz
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Flgure 10(a): A1r-dry5011—alrgap TNT- drys011 model. With lengths as air = 3m, drysoil = 0.25m, alrgap =
Icm, TNT = 9cm, and drysoil = 100m.

EM Wave Il[ Air drysoil Air TNT drysoil

Non-reflective source Effective absorber ~ Absorber
Figure 10(b): Analogy of circuit in Fig 10(a).
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Figure 10(c). Voltage at the antenna (RS in Fig. 10(a)) for Air-drysoil-airgap-TNT-drysoil model, with
lengths as air = 3m, drysoil = 0.25m, airgap = lcm, TNT = 9cm and drysoil = 100m. Top: Normal view.
First reflection occurs at 21ns. Bottom: Magnified view.
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Figure 10(d). Voltage at the antenna (R5 in Fig. 10(a)) for Air-drysoil-airgap-TNT-drysoil model, with
lengths as air = 3m, drysoil = 0.25m, airgap = 1cm, TNT = 9cm and drysoil = 100m. Frequency Sweep plot
from 1GHz to 2GHz

4. Comparisons

Table 2: Comparison between measured and predicted loss.

Predicted loss Measured loss Published Data [3]
Dry soil 3.62 dB/m 3.74 dB/m 2 dB/m
Wet soil 13% moisture 141 dB/m 130 dB/m 100 dB/m
Table 3: Amplitude of Voltage wave.
Model V amplitude at V amplitude of V amplitude of
Antenna reflection from ground reflection from
target/ground
Air-drysoil-air-drysoil 188.56 V 43.13V 125V
Air-wetsoil-air-wetsoil 1895V 1134V -295.4mV
Air-drysoil-TNT-drysoil 188 V 4335V 43V
Air-drysoil-airgap-TNT-drysoil 188.15V 43.13V 14.38 V
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5. Conclusions

The experiments with air gap and TNT for the mine are representative of targets in the field. This
situation was depicted in the experiments of Fig. 10 and is the focus of our research. We will focus on this
case for developing mathematical models in dry and wet soil.
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